Background. Given the high infant measles mortality rate, there is interest in whether a measles immunization regimen beginning at <12 months of age provides lasting immunity.
Previously, high immunization coverage and persistent PAs in the United States afforded herd immunity to infants younger than the recommended age for vaccination [13] , but measles caused by imported cases show that the current level of herd immunity in the United States is now insufficient for the protection of exposed infants. Recent outbreaks show a shift to increased measles incidence in children aged <12 months who lack protection by PAs [4, 5, 14] . Thus, giving the first measles vaccine dose to younger infants might benefit those aged 6-12 months in the United States, where measles has been reintroduced, and those aged <12 months in the developing world, where mortality is high in infants [15] .
Measles immunization of infants aged as young as 3 months has shown partial success [16] [17] [18] , with failures in younger infants attributed to interference from passively acquired antibodies and to limitations of the developing immune system [7, 17, 19 ]. An early primary measles immunization strategy was effective in a measles outbreak in the United States as well as in countries where measles is endemic [20, 21] . Yet, information about how well measles-specific immunity persists after early primary immunization is limited. To evaluate the longevity of both humoral and cellular immunity to measles after early immunization, we studied children aged 5-10 years, comparing those who had received their primary measles immunization at 6 or 9 months of age with those vaccinated at 12 months of age.
METHODS

Study Populations
Subjects included 70 healthy children who had received their primary measles vaccine dose at 6 (n = 26), 9 (n = 23), or 12 (n = 21) months of age in an earlier study [7, 19] . Those immunized at 6 or 9 months of age received a second measles dose at 12 months of age [22] , and all participants received a measles vaccine dose at 5 years of age ( Figure 1 ). Children with chronic illness were excluded.
A single blood sample was collected from each child when he/she was aged 5-10 years ( Figure 1 ). Data were analyzed for the whole group and for subgroups of subjects who were aged 5-6 years (1-2 years from last measles immunization) and 7-10 years (3-5 years from last measles immunization) to differentiate peak responses to vaccine from steady state immunity, respectively.
Participants were recruited through the Palo Alto Medical Foundation, Palo Alto, California. Written consent was obtained. The Stanford University Committee for the Protection of Human Subjects and the Institutional Review Board of Palo Alto Medical Foundation approved the study. No cases of measles were identified in our area during the 10-year followup period.
Vaccines
Infants aged 6 and 9 months received measles virus vaccine live (Attenuvax) followed by measles, mumps, and rubella virus vaccine live at 12 months and 5 years. Infants aged 12 months received measles, mumps, and rubella virus vaccine live with a second dose at 5 years (all vaccines, Merck & Co).
Plaque Reduction Neutralization
Sera were stored at −80°C and tested for measles neutralizing antibody using a modified plaque reduction neutralization (PRN) assay [23] . In brief, serum samples were tested in parallel with the World Health Organization Measles Reference Serum II (66/202, obtained from the National Institute for Biological Standards and Control). In this assay, a titer of 1:8 corresponded to 8 mIU/mL of measles neutralizing antibody; <1:4 mIU/mL was considered negative. Measles antibody concentrations of ≥120 mIU/mL indicated measles seroprotection [24] .
Immunoglobulin G Antibody Avidity
Measles virus-specific immunoglobulin G (IgG) antibody avidity was determined by enzyme immunoassay, as previously described [25] . In brief, sera samples were stored at −80°C. Flat-bottom, 96-well Maxisorp plates (Nalge Nunc Intl) coated with 1 μg/well of Edmonston measles virus-infected Vero cell lysate (Advanced Biotechnologies, Inc) were incubated with sera diluted 1:100. Avidity was determined by the dissociation of measles virus-specific IgG bond with the addition of the chaotropic agent ammonium thiocynate, NH 4 SCN (Sigma) and detected by alkaline phosphatase-conjugated rabbit antihuman IgG (H&L; Accurate Chemical & Scientific Corp). Substrate p-nitrophenyl phosphate (Sigma) was added to plates and read at absorbance 405 nm endpoint on microplate reader (Spectramax 190; Softmax Pro 4.0, Molecular Devices). The avidity index (AI) was determined as the concentration of NH 4 SCN that caused 50% reduction of measles virus-specific IgG binding. Optical density readings <0.3 in absence of NH 4 SCN and <30% dissociation were considered negative.
T-Cell Proliferation Assay
Peripheral blood mononuclear cells were separated from whole blood by Ficoll-Hypaque gradient and added to 96-well microtiter plates at 3.0 × 10 5 cells/well in Roswell Park Memorial Institute 1640 medium (Mediatech), as described previously [7, 19] . Measles antigen was prepared from lysates of Vero cells inoculated with Attenuvax measles vaccine (Merck & Co). Vero cell lysates made in parallel served as control antigen. T-cell proliferation was measured by wells for 5 days. The stimulation index (SI) is the ratio of mean counts per minute in antigen wells divided by the mean counts per minute in corresponding Vero cell control wells; the highest SI was used for statistical analysis. An SI ≥3.0 was considered positive [7, 19] . Phytohemagglutinin (0.1 mg/mL; Difco) served as the positive control and phosphate-buffered solution served as the negative control for each assay and were processed under the same conditions as the antigen and Vero cell control.
Statistics
Antibody titers are reported as geometric mean concentrations (GMCs) with 95% confidence intervals (CIs), and avidity is reported as AI. T-cell proliferation is reported as SI ± standard error (SE). Responses were compared by Student paired or unpaired t test and Fisher exact test. P < .05 was considered statistically significant.
RESULTS
Cellular Immunity
The mean SI (±SE) in 5-10 year old children was 11.4 (1.3) and 10.9 (1.5) in children given primary vaccination at 6 or 9 months of age, respectively (Table 1) . These responses were comparable to the mean response of 14.4 (2.1) in children vaccinated at 12 months and 5 years of age. The presence of PAs at the time of primary measles immunization had no effect on the mean SI (Tables 2 and 3 ). No differences in T-cell responses were found in a subgroup analysis of children aged 5-6 years compared with children aged 7-10 years (boost responses vs steady state; Table 3 ).
Humoral Immunity
Both PA and younger age, but not sex, at the time of initial measles immunization were associated with lower measles antibody titers at 5-10 years of age after 3 measles vaccine doses (Tables 1-3). As can be seen from the tables, the GMCs in children who were initially immunized at 6 months of age, with or without PAs, or at 9 months of age in the presence of PAs were significantly lower than those immunized at 9 months of age without PAs or at 12 months of age (6 months of age with PAs and without PAs and 9 months of age with PAs vs 12 and 9 months of age without PAs; P ≤ .04).
GMCs in children aged 5-6 years, who were 1-2 years from last measles immunization, were higher for most groups than GMCs in children aged 7-10 years, who were 3-5 years from last measles immunization (Table 3) , which suggests that responses were boosted after a measles dose administered at 5 years of age. However, steady-state antibody titers resulted in lower GMCs among children initially immunized in the presence of PAs when tested at 7-10 years of age when compared with subjects from the same vaccine cohort immunized in the absence of PAs (6 and 9 months of age with PAs vs 12 months of age without PAs, and 9 months of age with PAs vs without PAs; P ≤ .05).
When the quality of measles IgG antibody response was evaluated, the mean AI was lower in children aged 5-10 years initially immunized in the presence of PAs at 6 and 9 months Figure 1 . Study design representing the timing of initial and subsequent measles vaccine doses and immune evaluations for each cohort. *Blood samples were collected on all infants, as previously reported [13] , and used to determine passive antibody concentrations prior to primary measles immunization. †Blood samples were collected on all infants, as previously reported [13] . ‡Measles, mumps, and rubella virus vaccine live (MMRII) given at 5 years. §Blood samples were collected at random time points from children initially immunized at 9 (n = 23) or 12 (n = 21) months of age and who were now aged 5-10 years. ¶Blood samples were collected at random time points from children initially immunized at 6 months of age (n = 26) and who were now aged 5-10 years. Abbreviation: MMRII, measles, mumps, and rubella virus vaccine live.
of age and in the absence of PAs at 6 months of age (Tables 1-3; 6 months of age with PAs and without PAs and 9 months of age with PAs vs 12 and 9 months of age without PAs; P ≤ .01).
Both PAs and age affected the mean AI evaluated at 5-6 years of age for subjects given their primary measles immunization at 6 months of age (Tables 2 and 3 ; 6 months of age with PAs and without PAs vs 9 and 12 months of age without PAs; P < .01); comparisons could not be made for infants aged 9 months with PAs because there were too few subjects. This difference persisted through 7-10 years of age but only for those initially immunized at 6 months of age in the presence of PAs and not in the absence of PAs (with PAs vs without PAs for all comparisons, P < .01). In contrast, the mean AIs were comparable at 7-10 years of age for all children initially immunized at 6 or 9 months of age in the absence of PAs.
Protective Immunity
Only 1 of 70 children (1%) lacked both humoral and cellular immunity to measles at 5-10 years of age. Two children had a negative measles-specific T-cell immune response (SI < 3) (Figure 2A ) [7, 19] . PAs and age at first immunization had no effect on measles T-cell responses at 5-10 years of age (Figure 2A ; P > .5 for all comparisons). Of the 2 children with SI < 3, 1 was originally immunized at 12 months and had evidence of humoral immunity with a PRN titer ≥120 mIU/mL, whereas the other child was originally immunized at 9 months in the presence of PAs and had a PRN titer <120 mIU/mL. This was the only child in the study who lacked immunity to measles immunization at follow-up ( Figure 2 ).
Based on a PRN titer of ≥120 mIU/mL [24] , the percentage of children aged 5-10 years with serologic evidence of protection against measles was equivalent in all cohorts. PRN titers were ≥120 mIU/mL in 74%, 81%, and 92% of children after primary measles immunization at 6, 9, and 12 months, respectively ( Figure 2B ). When the data were analyzed by subgroups to look at time from last measles immunization, fewer children had PRNs >120 mIU/mL if they had received their primary measles immunization in the presence of PAs and were aged 7-10 years (considered steady state), but not at 5-6 years when titers were boosted ( Figure 2B ; 6 and 9 months of age with PAs vs 12 months of age without PAs, P ≤ .04). The percentage of children with PRNs ≥120 mIU/mL was similar for children in all subgroups (those analyzed at 5-6 years of age and those analyzed at 7-10 years of age), who received their first vaccine dose in the absence of PAs.
All children aged 5-6 years had a positive avidity antibody response representing responses in close timing to last dose of measles immunization administered at 5 years of age. However, at 7-10 years of age, when responses that were 3-5 years from last measles dose were measured, 56% of children aged 7-10 years who were initially immunized in presence of PAs at 6 months of age and 36% of children aged 7-10 years who were initially immunized in presence of PAs at 9 months of age had a negative avidity antibody response, which was significant for the children receiving primary immunization at 6 months of age (6 months with PAs and without PAs for those aged 5-6 years vs those aged 7-10 years, P = .04; Figure 2C ).
DISCUSSION
Despite substantial progress toward measles control, the latest documented global mortality rate in 2008 is 164 000 persons, with children aged <5 years disproportionately affected [2] . Effective control of measles necessitates a 2-dose immunization strategy [26] and, with recent epidemiologic changes, may require an early 2-dose vaccine schedule. Measles outbreaks in countries with high measles vaccine coverage have shown a shift in measles incidence to children aged <12 months [4, 5, 27, 28] . Further, the number of susceptible infants aged <12 months is expected to expand in highly vaccinated populations because the majority of women of childbearing age have vaccine-induced immunity to measles [8, 9, 29] , with recent studies showing 99% of infants born to vaccinated mothers lack detectable antibodies to measles by 6 months of age [30] . Historically protection of infants aged 6-12 months was provided by a combination of PAs and herd immunity; however, this barrier has been disrupted by global importation of measles [4, 5, 11, 12] and, paradoxically, by the success of the measles vaccine program as vaccine-induced maternal immunity wanes earlier in infants as compared with infectioninduced immunity [31] .
In this study, we describe measles humoral and cellular responses in children aged 5-10 years who were given their primary measles immunization at 6 or 9 months of age. To our knowledge, this is the first report to offer these data. Longitudinal evaluations have previously described either humoral or T-cell immunity after an early dose of measles vaccine or immediately after an early 2-dose vaccine strategy [21, 32, 33] .
Our study showed that T-cell responses to measles vaccine are robust and persisted up to 10 years of age, even when the first vaccine dose was given at 6 months of age. Importantly, these responses are not affected by PAs or an age-dependent maturation of the developing immune system. We have shown previously that the mean SI seen after the first dose of measles vaccine does not increase substantially after subsequent doses [19] . In the current study, T-cell responses did not wane, and the number of children with SI ≥3 was 97% when measured at 5-10 years of age. Thus, once established, T-cell immunity against measles is sustained and is not boosted upon antigen re-exposure [7, 19] .
That measles T-cell responses were unaffected by the presence of PAs or age-related maturational deficits and that these responses persisted despite primary measles immunization before 12 months of age are critical to assessing the role that early measles immunization might have in global measles control. Markers for protection from measles have not been fully characterized. Humoral immunity is clearly important, and a high PRN antibody concentration is correlated with protection [24] , but evidence suggests that cell-mediated immunity is essential for viral clearance, recovery from acute disease, and for persistence of long-term immunity [34] [35] [36] . In addition, T-cell responses are needed to initiate and amplify the humoral responses [35] . In contrast, the absence of detectable antibody concentrations does not appear to reflect susceptibility to infection if T-cell immunity is present, as has been shown in individuals who suffer from B-cell immune defects [37] . Protection from measles infection has been shown in the absence of detectable antibody titers in seronegative individuals, and measles viral clearance is not impacted in macaques who lack B-cell but have T-cell immunity after measles challenge [34, 38, 39] . In contrast, individuals that lack T-cell immunity have protracted measles disease and increased disease severity [36, 40] .
Our observations demonstrate that measles-specific humoral immunity follows a different pattern than T-cell responses to measles. When infants received their first dose of vaccine at 6 months of age, humoral responses measured at 5-10 years of age were diminished compared with the responses of those vaccinated at 12 months of age. These differences were observed in the cohort that had PAs when first immunized and in those who did not, suggesting that age-dependent differences of the immune system at the time of primary measles immunization may be a factor in the latter cohort. By 9 months of age, maturational deficiencies were no longer apparent, but PA effects persisted. When GMCs were compared among the cohorts of children aged 5-6 years and children aged 7-10 years, concentrations were higher in those aged 5-6 years, which represents a boosted response after recent Abbreviations: CI, confidence interval; GMC, geometric mean concentration; SE, standard error. a First measles dose given as Attenuvax at 6 or 9 months of age or measles, mumps, and rubella virus vaccine live (MMRII) at 12 months of age; second dose given as MMRII at 12 months of age to infants given Attenuvax at 6 or 9 months of age or at 5 years of age to infants administered MMRII at 12 months of age; third dose given as MMRII at 5 years of age to children given Attenuvax at 6 or 9 months of age and MMRII at 12 months of age. b Measured using plaque reduction neutralization test.
c Measured using enzyme immunoassay avidity assay.
d Measured using lymphoproliferation assay. Abbreviations: CI, confidence interval; GMC, geometric mean concentration; PA, passive antibody; SE, standard error. a First measles dose given as Attenuvax at 6 or 9 months of age or measles, mumps, and rubella virus vaccine live (MMRII) at 12 months of age; second dose given as MMRII at 12 months of age to infants given Attenuvax at 6 or 9 months of age or at 5 years of age to infants administered MMRII at 12 months; third dose given as MMRII at 5 years of age to children given Attenuvax at 6 or 9 months of age and MMRII at 12 months of age. b Measured using plaque reduction neutralization test.
d Measured using lymphoproliferation assay.
e Passive antibodies to measles.
immunization. This pattern suggests that a boost in serum antibody titers occurs after measles immunization administered at 5 years of age but is not sustained. In the cohort tested at 7-10 years of age, which represented a steady state, the antibody levels were lower among children who had received their primary measles immunization at 6 months of age, regardless of presence of PAs, and at 9 months of age in the presence of PAs. High avidity antibody responses followed a pattern similar to that seen with neutralizing antibodies. All children had a measurable AI when evaluated within 2 years of their measles vaccine administered at 5 years of age. Interestingly, these responses were lost by 2-5 years after the third measles vaccine dose in more children who were originally immunized in the presence of PAs when compared with those originally immunized in the absence of PAs.
Taken together, these results show the long-term pattern of measles immunity after an early primary immunization regimen. Measles T-cell responses are elicited by the initial vaccine dose regardless of PAs and persist but are not enhanced after subsequent doses. In contrast, despite the rise in antibody concentrations seen after measles vaccine doses given at 12 months [19] and 5 years of age, steady-state humoral responses were not sustained at the same level in children who had low neutralizing antibody concentrations after primary measles immunization associated with the presence of PAs or immunologic immaturity. Although the effects of PAs on long-term humoral immunity are well established, these results suggest a more global B-cell limitation.
The generation and maintenance of memory B cells is not fully understood, but it is clear that long-lived memory B cells appear to be dependent on the induction of plasmablasts at the time of initial antigen exposure [41] . Little is known about the factors necessary for establishing an adequate initial memory B-cell compartment, yet it appears to be of importance for subsequent B-cell responses upon antigen reexposures. Thus, both the quantity and quality of the anamnestic antibody response are primarily driven by the quantity and quality of the initial memory B-cell compartment [42] . This study suggests that this initial B-cell response is diminished in some measles vaccine recipients immunized in the presence of PAs or at 6 months of age. Nevertheless, lower antibody concentrations after the initial vaccine dose were not indicative of a completely fixed state, as evidenced by boosting of both antibody concentrations and avidity after a measles immunization of these children at 12 months [19] and 5 years of age.
Information has shown that CD4 + T-cell help is crucial for the induction phase of B-cell memory but is not required to maintain long-lived plasma cells [43] , and therefore the kinetics of memory T and B cells need not be concordant, as is consistent with the findings in this study and others [44] . Research evaluating PA interference to vaccines favors the hypothesis that passively acquired antibodies directly mask specific B-cell determinants, thus preventing antigen binding and recognition by infant B cells [45, 46] . T-cell immunity is spared because the binding of the passively acquired antibody to vaccine antigen results in antibody-antigen complexes that are processed by antigen presenting cells for T-cell presentation [47] .This allows for adequate T-cell but limited B-cell responses after the first antigen exposure and would allow for T-cell priming of B-cell responses to subsequent antigen exposures, as seen in this and other vaccine studies [48] .
Furtherstudiesareneededtodeterminewhatage-dependentimmunologic factors interfere with the production of high neutralizing Abbreviations: CI, confidence interval; GMC, geometric mean concentration; NA, not applicable; PA, passive antibody; SE, standard error. a First measles dose given as Attenuvax at 6 or 9 months of age or measles, mumps, and rubella virus vaccine live (MMRII) at 12 months of age; second dose given as MMRII at 12 months of age to infants given Attenuvax at 6 or 9 months of age or at 5 years of age to infants administered MMRII at 12 months; third dose given as MMRII at 5 years of age to children given Attenuvax at 6 or 9 months of age and MMRII at 12 months of age. b Measured using plaque reduction neutralization test.
c Measured using enzyme immunoassay avidity assay. antibody concentrations and high avidity antibodies in some children immunized at 6 months of age in the absence of PAs. The clinical efficacy of early measles immunization has been shown in epidemics in the United States and in areas of endemic measles disease [16, 17, 49 ] but could not be tested in the small cohort of children in this study who were not exposed to measles. In addition to the small sample size in this study, an additional limitation of our study was the requirement that all children receive the routine measles vaccine schedule; thus our early primary measles immunization recipients received 3 measles doses and the control group received only 2 doses. Despite these challenges, our data suggest that it is unlikely that the children in this study who received an early primary measles dose would be susceptible to measles infection given the strong anamnestic humoral responses elicited by repeat measles immunizations and the persistent T-cell responses present in virtually all children in this study. In highly endemic countries that have utilized an early 2-dose measles strategy, vaccinated children were spared measles mortality and severe disease [49] . This must, however, be studied further, especially given a recent Canadian measles outbreak that showed increased cases in children immunized with their primary dose at 12 months of age compared with 15 months of age [50] . Importantly, this study indicates that humoral immunity is not inhibited permanently by early immunization, as has been suggested [32] , and can be boosted to high concentrations [19] . Given the high measles mortality rate in infants aged <12 months and the growing population of infants susceptible to measles at younger ages in the developed world, early measles immunization may be the only effective strategy for protection against measles during this vulnerable period and should be studied further. Figure 2 . Protective measles immunity in children aged 5-10 years after an early vaccine. Graphs show the percentage of infants with stimulation index ≥3 (A), the percentage of infants with plaque reduction neutralization concentration ≥120 mU/mL (B), and the percentage of detectable avidity index (C) after 3 measles doses in children aged 5-10 years who were initially immunized against measles at 6 months of age in the presence of passive antibodies (white striped bars) or the absence of passive antibodies (white bars) or at 9 months in the presence of passive antibodies (light gray striped bars) or the absence of passive antibodies (light gray bars), and after 2 measles doses in children immunized initially at 12 months of age in the absence of passive antibodies (dark gray bars). Immune responses are reported in all children aged 5-10 years (left bracket), and cohorts of children aged 5-6 years (middle bracket) or 7-10 years (right bracket).
Notes
